ABSTRACT Methidiumpropyl-EDTA-iron(II) [MPE-Fe(II)] cleaves double-helical DNA with considerably lower sequence specificity than micrococcal nuclease. Moreover, digestions with MPE-Fe(II) can be performed in the presence of certain metal chelators, which will minimize the action of many endogenous nucleases. Because of these properties MPE-Fe(II) would appear to be a superior tool for probing chromatin structure. We have compared the patterns generated from the 1.688 g/cm3 complex satellite, 5S ribosomal RNA, and histone gene sequences of Drosophila melanogaster chromatin and protein-free DNA by MPE-Fe(I) and micrococcal nuclease cleavage. MPE-Fe(II) at low concentrations recognizes the nucleosome array, efficiently introducing a regular series of single-stranded (and some doublestranded) cleavages in chromatin DNA. Subsequent S1 nuclease digestion of the purified DNA produces a typical extended oligonucleosome pattern, with a repeating unit of ca. 190 base pairs. Under suitable conditions, relatively little other nicking is observed. Unlike micrococcal nuclease, which has a noticeable sequence preference in introducing cleavages, MPE-Fe(II) cleaves protein-free tandemly repetitive satellite and 5S DNA sequences in a near-random fashion. The spacing of cleavage sites in chromatin, however, bears a direct relationship to the length of the respective sequence repeats. In the case of the histone gene sequences a faint, but detectable, MPE-Fe(H) cleavage pattern is observed on DNA, in some regions similar to and in some regions different from the strong chromatin-specified pattern. The results indicate that MPE-Fe(ll) will be very useful in the analysis of chromatin structure.
With our current appreciation of the nucleosome as the fundamental unit of chromatin condensation (1) (2) (3) , it has been pertinent to ask whether or not there is a functional requirement for a particular nucleosomal array. This aspect of chromatin structure has been most often expressed in the concept of specific nucleosome positioning (or "phasing") at a few or many loci of the eukaryotic genome, perhaps in a cell-, tissue-, or development-specific manner. Possible advantages of such positioning have been envisaged by many investigators, although no positive evidence for its actual functional importance in vivo has yet been presented. Numerous studies arguing for a specific or, conversely, for a random distribution of nucleosomes have been reported, and these have been reviewed (4) (5) (6) (7) . Many of these experiments have utilized micrococcal nuclease for generation of nucleosomal arrays. The DNA is purified subsequent to the nuclear digestion and the cleavage sites are mapped by reference to well-characterized restriction sites. Unfortunately, micrococcal nuclease has a marked sequence preference and introduces cleavages into purified DNA at quite specific and reproducible positions (8, 9) . In some cases these occur at exactly the same sites in chromatin, leading to uncertainty concerning which is chromatin specific and which is purely sequence specific. As an example, the majority of the cuts introduced across a 12-kb region of heat shock locus 67B1 in Drosophila chromatin are identical with those seen in purified DNA (10) . Such a result makes it difficult to derive meaningful conclusions about the specific placement of nucleosomes (or lack thereof). In contrast, the use of micrococcal nuclease in a careful comparison with protein-free DNA control digests has permitted unambiguous mapping of nucleosomes around a cluster of inactive Xenopus tRNA genes (11) and around the centromere of chromosomes III and XI of yeast (12) . Notwithstanding this, a means of generating nucleosome arrays with a sequenceneutral DNA cleavage reagent would be highly desirable.
A nonenzymatic method for chromatin structure analysis utilizing the DNA-cleaving 1, 10-phenanthroline-cuprous complex was recently reported (13) . This reagent recognized the nucleosomal structure of chromatin and produced a cleavage pattern based on a regularly repeated unit. However, cleavages virtually identical to those produced by micrococcal nuclease were introduced into protein-free DNA, an observation interpreted in terms of a common recognition of secondary structural characteristics of the DNA double helix. The synthesis of another DNA-binding/DNA-cleaving molecule has recently been described (14) . Methidiumpropyl-EDTA (MPE) cleaves DNA efficiently in the presence of Fe(II), 02, and reducing agents such as dithiothreitol (14) . Importantly, MPE.Fe(II) cleaves DNA with low sequence specificity and is a useful tool for determining the multiple binding sites of drugs on native DNA (15) . We report here that MPEFe(II) will cleave nuclear chromatin into oligonucleosomes under reaction conditions in which cleavage by endogenous nucleases can be minimized. The nucleosomal products generated are similar in size to those from micrococcal nuclease digestion and appear to be due to highly preferential cleavage in linker DNA. A comparison with the patterns generated on protein-free DNA for a number of sequences indicates that MPEFe(II), although not entirely sequence neutral, will prove useful in nucleosomal mapping studies.
MATERIALS AND METHODS Nuclear Digestions. Nuclei were isolated from 6-to 18-hr Drosophila melanogaster embryos as described (16) except that the final centrifugation was through 1. 7 M sucrose. Nuclei were resuspended in the relevant buffer and digestions were performed at 25°C. Micrococcal nuclease (Worthington) digestions of nuclei at 1 x 109 per ml were for 3 min at various enzyme concentrations as described (10, 13 
RESULTS
The MPE.Fe(II) complex efficiently introduces double-stranded cleavages at regularly repeating intervals in chromatin from Drosophila embryo nuclei as shown in Fig. 1A . In a comparison with the oligonucleosomal patterns produced by micrococcal nuclease the specificity of the MPEFe(II) cleavage reaction on chromatin appears at least as great, as deduced from the ethidium bromide staining pattern. Characterization of the reaction led to some useful observations. First, the reaction was not inhibited significantly by addition of EDTA at concentrations of 10 mM or less. The presence of submillimolar EGTA can also be tolerated, although there may be some slight inhibition relative to a control digest. While it was not possible to prepare a highly reactive MPE.Fe(II) complex in solutions already containing EGTA, the complex, once formed, apparently remains active if subsequently added to EGTA-containing nuclear suspensions. Second, the reaction is very effectively stopped by addition of bathophenanthroline, a highly specific iron-complexing agent. Third, the digestion shown in Fig. 1A (14) . In Fig. 1B , the purified DNA from a suitable early digestion point of a MPE.Fe(II) digestion series of nuclear chromatin was incubated with S1 nuclease, and the resulting .fragments are displayed on an agarose gel. The effect is to change the distribution of fragment sizes quite dramatically, a result consistent with the notion that significant numbers of nicks or singlestranded gaps are present in the product from nuclear digestion with MPE.Fe(II). Under the salt conditions used, S1 should not introduce a significant number of new nicks, and this has been confirmed on denaturing gels (data not shown). An important conclusion from Fig . 1B is that the nicks or gaps occur in a regularly repeating fashion (presumably in linker DNA), because otherwise the nucleosomal pattern would smear and become unrecognizable after treatment of the DNA with S1 nuclease.
Such smearing is not observed, suggesting that MPE.Fe(II) recognizes the linker region between nucleosome cores with high specificity. Fig. 2 shows MPEFe(II) digests of both nuclear chromatin and protein-free DNA compared with similar micrococcal nuclease digests analyzed for two repetitive sequences of the Drosophila genome. In Fig. 2A 3 and 4) or at 500 ,g/ml with micrococcal nuclease at 12 units/ml for 1 min at 250C (lanes 7 and 8). S1 nuclease digestions were as in Fig. 1 , but using 1,250 units of S1 nuclease in S1 buffer for 30 min at 000. Samples were subjected to electrophoresis on a 1.2% agarose gel, transferred to nitrocellulose, and hybridized to satellite (A) and (by reusing) to 5S ribosomal sequences (B). M, partial Hae m digest of purified genomic DNA as size markers (359 bp in A; 380 bp in B).
fect of S1 nuclease on the MPE.Fe(II) digests is as expected from Fig. 1B ; corresponding digestion with S1 nuclease of the micrococcal nuclease-treated samples shows no such diminution in fragment sizes, as expected from the double-stranded nature of these enzymic cleavages. S1 digestion also increases the mobility of the MPE-Fe(II)-derived oligonucleosome fragments to match that of those produced by micrococcal nuclease. The histone genes of Drosophila represent an interesting locus for nucleosome positioning studies. The major 5-kb repeating unit (19) allows effective use of the indirect end-labeling technique (20, 21) . A previous study by others using micrococcal nuclease showed that a unique and specific positioning of nucleosomes occurred across the 1.2-kb H1-H3 spacer. Across the genes themselves the chromatin cleavage pattern was virtually identical with that derived from protein-free DNA (22) , with prominent cutting sites in spacers but relatively less cutting in the genes. Fig. 3 shows a . Nuclei were digested with micrococcal nuclease at 8.8 units/ml for 3 min; DNA digestion was as for Fig. 2 (lane 7) . All DNA samples were completely digested with Bgl II, and 4-pg samples were subjected to electrophoresis on a 1.6% agarose gel, blotted to nitrocellulose, and hybridized to the small Bgl II/BamHI fragment of B5, which was excised from a gel as described (13 75 bp apart). In addition, there appears to be precise positioning of cleavage sites (of average spacing 190 bp) along the H1-H3 spacer and into the H3 gene, with 3 regularly spaced cleavages leading up to the hypersensitive sites at the 5' ends of the H3 and H4 genes. Our measurements show that MPE.Fe(II) can react to singularities in the protein-DNA interaction that may be characteristic of particular activity states-e.g., it appears that the reagent recognizes the hypersensitive sites at the 5' ends of genes. One observes smaller than nucleosome-sized spaces between the pair of hypersensitive sites at the 5' end of H1 and between the hypersensitive sites flanking the 5' ends of H2A and H2B. The interpretation of unique cleavages as a result of specific protein-DNA associations across the region as a whole appear possible from the MPE.Fe(II) data owing to the inherently lower and more uniform background patterns seen on DNA with this reagent. Finally, the digestions of lanes 3, 4, and 5 included subsequent S1 nuclease treatment. Lane 6 is the identical sample to that in lane 3, but without S1 nuclease treatment. Clearly, S1 nuclease digestion does not affect the pattern, while it does allow analysis with lower concentrations of reagent.
DISCUSSION
Although it is generally agreed that the primary cutting site for micrococcal nuclease in chromatin is in the linker region between nucleosomes, it has become clear that in some specific cases a marked DNA sequence preference can obscure an interpretation of the chromatin structural data. One would prefer a reagent that recognizes chromatin structural features (e.g., the linker region between nucleosomes) but is relatively free from responses to DNA sequence. As a probe of chromatin structure the synthetic MPE.Fe(II) complex appears to offer some distinct advantages over micrococcal nuclease. It seems likely that the chromatin specificity of MPE.Fe(II) stems from intercalative binding of the methidium portion of the complex to DNA. The results shown in Figs. 1 and 3 suggest that linker DNA is indeed the site of regularly repeated cleavage by MPE.Fe(II). The data of Fig. 3 demonstrate an identical pattern of cleavage sites at approximately 190-bp intervals for chromatin in the Hi-H3 spacer for both MPE.Fe(II) and micrococcal nuclease. In addition, in this region the micrococcal nuclease data appear to be unambiguous with respect to protein-free DNA cleavage, indicating that the primary specificity of MPE.Fe(II) lies in preferential binding to internucleosomal linker DNA. Intercalators that can be bound covalently to chromatin (e.g., 4,5',8-trimethylpsoralen) appear to locate highly preferentially in linker regions (23, 24) . The evidence available therefore points strongly toward the primary site of action for MPE.Fe(II) cleavage of chromatin residing in the internucleosomal linker.
An important feature of the reaction for chromatin studies is that, once formed, the MPE.Fe(II) complex is active in the presence of EDTA and low concentrations of EGTA. Nuclei can be isolated and digested in the presence of these metal chelators, thus minimizing the action of any endogenous metal-dependent nucleases. It is also apparent that only low overall extents of digestion are needed, because excellent nucleosomal ladders can be produced by secondary S1 nuclease digestion of the purified DNA in high salt concentrations and at low temperature, conditions in which only single-stranded tails, DNA opposite nicks, or single-stranded gaps are cleaved. Thus low ratios of MPE.Fe(II) to DNA base pairs can be utilized, which should preclude any major distortion of the native chromatin structure at a given locus.
The regularly repeated nucleosomal packaging of the 1.688 g/cm3 Drosophila satellite is clearly visible in Fig. 2A Analyses of the cleavage behavior of MPE.Fe(II) at the sequencing level on fragments of pBR322 (15) or Drosophila 5S ribosomal sequences (unpublished observations) have shown a fairly uniform cleavage at each succeeding base, although modest variations in the intensity of the cleavages are seen. However, a pattern is observed for the DNA of the Drosophila histone locus; this may be related to differences in the secondary structure of the DNA recognized by the reagent (15) . Mapping from the other end of the histone repeat with MPE.Fe(II) shows a similar degree of correspondence between the DNA and chromatin structural patterns, with the intensity of the latter cleavages always much increased (data not shown). Whether such patterns in DNA structure have relevance for the final chromatin structure adopted by these sequences is unknown.
It seems apparent that MPE.Fe(II) will be a very useful reagent for analysis of chromatin structure. At the present level of resolution it appears to provide more definitive data than micrococcal nuclease on nucleosome distributions across the three loci examined. Other features of the protein-DNA interaction are also revealed.
